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[57] ABSTRACT

A numerically controlled machine tool for machining a
non-circular workpiece according to profile data. The
numerical controller stores phase compensation values
and position compensation data files in connection with
the types of cam and the various rotational speeds of the
main spindle. Each position compensation data file con-
sists of a series of position compensation values for a
successive rotational positions of the main spindle. The
numerical controller searches a phase compensation
value and a position compensation data file according to
the type of cam to be ground and the rotational speed of
the main spindle during the grinding operation. There-
after, the numerical controller offsets the read-out posi-
tion of the profile data by the amount corresponding to
the searched phase compensation value, and compen-
sates each profile data with position compensation data
stored in the searched file so as to eliminate a machining
error which changes depending upon the rotational
speed of the main spindle.

9 Claims, 11 Drawing Sheets
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1
NUMERICALLY CONTROLLED MACHINE TOOL

BACKGROUND OF THE INVENTION

1. Field of the Invention:

The present invention relates to a numerically con-
trolled machine tool capable of machining a noncircular
workpiece such as a cam shaft.

2. Description of the Prior Art:

Generally, in a numerically controlled grinding ma-
chine for grinding a non-circular workpiece, the feed of
the grinding wheel perpendicular to a spindle axis is
controlled accordmg to profile data and machining
cycle data.

‘The profile data comprises the amount of movement

of the grinding wheel per unit angle rotation of the

spindle which defines the profile generating movement
of the grinding wheel along the finished shape of the
workpiece. On the other hand, the machining cycle data
comprises a numerical control program to control a
machining cycle which includes rapid feed, rut-in feed
and retracting feed of the grinding wheel.

In the numerically controlled grinding machine tool
of the aforementioned type, the ability of the main spin-
dle and the grinding wheel feed axis to accurately fol-
low command data are needed so as to grind the work-
piece precisely.

In order to improve machining accuracy, the assignee
of this invention has proposed a method, which is dis-
closed in U.S. Patent Application Ser. No. 07/092,689,
filed Sep. 3, 1987, now pending. In this method, a ma-
chine tool is operated according to ideal profile data
which is calculated from the ideal final shape of a2 work-
piece. During operation, the positional changes of the
- tool and the main spindle are measured in order to ob-
tain actual movement data. After that, position compen-
sation data is calculated by comparing the ideal profile
data and the measured movement data, and the ideal
profile data is compensated for with the position com-
pensation data in order to obtain execution profile data,
which is used in the actual machining operation.

In such method, however, the position compensation
data is set at a constant value regardless of the change in
the rotational speed of the main spindle. Accordingly,
machining errors arise, even if the compensated execu-
tion data is used for the actual machining operation.

Namely, when a workpiece is machined without the
above-mentioned compensation, a machining error
‘which changes depending upon the rotational speed of
the main spindle arises as shown in FIG. 1. Accord-
ingly, the machining error cannot be eliminated with
the constant position compensatian data in the case that
the rotational speed of the main spindle changes dunng
machining operation.

SUMMARY OF THE INVENTION

Accordingly, it is a primary object of the present
invention to provide an mlproved numenca]ly con-
trolled machine tool capable of increasing machining
accuracy.

Another object of the present invention is to prowde
an improved numerically controlled machine tool capa-
ble of maintaining high machining accuracy irrespec-
tive of the change in the rotational speed of the main
spindle.
~ Briefly, according to the present invention, there is
provided a numerically controlled machine tool for
- machining a non-circular shaped workpiece such as a
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cam. The numerically controlled machine tool has pro-
file data memory means for storing profile data which
are calculated from an ideal final shape of the work-
piece and compensation data memory means for storing
plural groups of compensation data, which are used for
compensating for follow delay of the tool feed, in con-
nection with various rotational speeds of the main spin-
dle. Control mean of the numerically controlled ma-
chine tool serve to search the compensation data ac-
cording to the rotational speed of the main spindle dur-
ing machining operation. Then, the control means com-
pensate the profile data with the searched compensation
data in order to eliminate follow errors, which change
depending upon the rotational speed of the main st-
dle.

According to another aspect of the invention, the
compensation values are stored in the compensation
data memory means in connection with various types of
cam and various rotational speeds of the main spindle.
The control means search the compensation data ac-
cording to the type of cam to be machined and the
rotational speed of the main spindle during machining
operation. Accordingly, follow errors are eliminated
regardless of the type of the cam and the rotational
speed of the main spindle. __

According to another aspect of the invention, the

- compensation data is composed of phase compensation
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value and position compensation data. The position
compensation data is composed of a series of position
compensation values for successive rotational positions
of the main spindle. The control means offset the read

~out position of the profile data according to the phase

compensation value, and compensate the profile data
with the series of position compensation values.

BRIEF DESCRIPTION OF THE DRAWINGS

Various other objects, features and attendant advan-
tages of the present invention will readily be appreci-
ated as the same becomes better understood by refer-
ence to the following detailed description of a preferred
embodiment when considered in correction with the
accompanying drawings, in which:

FIG. 11s a chart which illustrates the measured error:

FIG. 2 i1s a schematic view of a numerically con-
trolled machine tool according to the present invention:;

FIG. 3 1s a block diagram showing the structure of
the numerical controller shown in FIG. 2;

F1G. 4 shows a compensation value table and com-
pensation data files formed in the compensation value
memory area shown in FIG. 3;

FIG. 5 shows X axis compensation values stored in
compensation data files shown in FIG. 4;

FI1G. 6 shows a compensation value table stored in
the compensation value memory area shown in FIG. 4;

FI1G. 7 1s a flow chart explaining the operation of the
main CPU shown in FIG. 3 for inputting compensation
data;

FIGS. 8(a) and 8(b) are flow charts explaining the
general operation of the main CPU shown in FIG. 3 for
the machining process.

FIGS. 9(a) and 9(b) are flow charts for tllustrating the
details of a step shown in FIG. 8(q);

FIG. 10 shows a numerical control program for ma-
chining a workpiece; and

FIG. 11 is an explanatory chart which explains the
method of obtaining compensation values.
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DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring now to the drawings and particularly to
FIG. 2 thereof, a numerically controlled grinding ma- 5
chine is shown comprising a bed 10, on which a table 11
i1s slidably guided along a Z axis which is parallel to a

main spindle 13. A workhead 12 is mounted on the
left-hand end of the table 11. The workhead 12 has

rotatably carried therein the main spindle 13, which is
connected to a servomotor 14 so as to be rotated
thereby. A tail stock 15 is also mounted on the right-
hand end of the table 11. A workpiece W having a cam
C 1s carried between the center 17 of the main spindle 13
and the center 16 of the tail stock 15. The left end of the
workpiece is engaged with a positioning pin 18, which
is fixed on the main spindle 13, so as to synchronize the
phase of the workpiece W with the phase of the main
spindle 13.

A tool slide 20 is slidably guided on-a rear portion of 20
the bed for movement toward and away from the work-
piece W along an X axis. A grinding wheel 22, rotatably
supported as a tool on the tool slide 20, is rotated by a
motor 21. The tool slide 20 is connected to a servomo-
tor 23 through a feed screw (not shown) so that advanc-
ing and retraction movement of the tool slide 20 is ef-
fected by the servomotor 23.

As mdicated in FIG. 13, drive units 40, 41 are circuits
to drive servomotor 23, 14, respectively, in response to
command pulses, which are generated by the numerical
controller 30. |

Pulse generators 50, 52 and tachogenerators 51, 53
are connected to the servomotor 14, 23, reselectively,
and output signals from the pulse generators 50, 52 and
the tachogenerators 51, 53 are fed back to the drive
units 40, 41 in order to control the servomotor 14, 23
with the velocity feed back signal and the position feed
back signal. |

‘The numerical controller 30 controls the rotation of
the servomotor 23, 14 numerically so as to grind the 40
workpiece W. A tape reader 42 for inputting ideal pro-
file data and machining cycle data, a keyboard 43 for
inputting control data, a CRT display device 44 for
displaying various information and a control panel 45
for inputting an operator command are connected to the
numerical controller 30.

The numerical controller 30 comprises a main central
processing unit (hereinafter referred to a “main CPU”)
31, a read only memory (ROM) 33, in which control
program is stored, a random access memory (RAM) 32
and an interface 34 as shown in FIG. 3. In the RAM 32,
there is an NC data area 321 for storing numerical con-
trol programs, an ideal profile data area 322 for storing
ideal profile data calculated from the ideal final shape of
the workpiece, a compensation value memory area for 55
storing phase compensation values and position com-
pensation values of tool feed axis (X axis). The RAM 32
also has a feed mode setting area 324, a workpiece mode
setting area 325, a spark-out mode setting area 326, and
a phase error compensation mode setting area 327.

The compensation value memory area is composed of
a compensation value table 3271 and compensation data
file area 3272 as shown in FIG. 4. The compensation
value table 3271 stores phase compensation values and
the file numbers of X axis position compensation data 65
files in connection with various rotation speeds of the

main spindle 13 and ideal profile data numbers as shown
in FIG. 6.

10

15

25

30

35

45

50

60

4

Each X axis compensation data file stores a series of
X axis (position) compensation values in connection
with the rotational positions of the main spindle 13 as
shown in FIG. §.

The numerical controller 30 also comprises a drive
CPU 36, a RAM 35 and a pulse distribution circuit 37 so
as to distribute command pulses to drive units 40, 41.

The RAM 35 stores positioning data sent from main
CPU 31. The drive CPU 36 executes calculations for

slow up, slow down and interpolation depend on the
positioning data sent from the main CPU 31 via the
RAM 35, and outputs the amount of movement data
and velocity data at a predetermined interval. The pulse

~distribution circuit 37 distributes feed command pulses

to drive units 40, 41 according to the amount of move-
ment data and velocity data.

The process for storing the compensation data will be
described below, The compensation data can be ob-
tained by a method described below. At first, a work-
piece is machined according to the ideal profile data,
and the cam profile of the machined workpiece is mea-
sured to obtain measured profile data. Then, the com-
pensation data is calculated depending upon the differ-
ence between the ideal profile data and measured pro-
file data. Namely, the phase compensation value A#f is
calculated depending upon the angle difference be-
tween the angle position 6yof C axis, whereat the X axis
position of the ideal profile data reaches the maximum
value, and the angle position 87 of C axis, whereat the
X axis position of the measured profile data reaches the
maximum value, as shown in FIG. 11. Position compen-
sation values AX(I) in the X axis (hereafter referred to
“X axis compensation values”) are calculated depend-
ing on the difference in X axis between the ideal profile
data and shifted measured profile data, which is ob-
tained by shifting the measured profile data by the phase
compensation value AG.

The compensation data can be also obtained by a
method described in U.S. Patent Application Ser. No
07/092,689. In this method, the machine is operated
according to the ideal profile data, and the positional
changes of the main spindle 13 and the tool slide 20 are
measured during the operation in order to obtain mea-
sured profile data. Then, the compensation data is cal-
culated based on the ideal profile data and the measured
profile data.

The compensation data is obtained for various ra-
tional speeds of the main spindle. Then, the compensa-
tion data is recorded on an NC tape in connection with
the profile data number of the cam and the rotational
speed of the main spindle. When the switch 451 on the
control panel 45 is pushed by an operator after the
above described preparation, the main CPU 31 executes
the compensation data read-in program shown in FIG.
7.

At first, a profile data number is input via the tape
reader 42 at step 400 and is stored in the compensation
value table 3271 at step 402.

At step 404, a variable n designating the column num-
ber of the compensation value table 3271 is initially set
at 1. Then, a rotational speed Rn of the main spindle 14
and a phase compensation value Qn are input via the
tape reader 42 at steps 406 and 408. After that, a series
of X axis compensation values AX (I) and a compensa-
tion data file number Pn, which designates a data file
where the X axis compensation values are to be stored,
are input at step 410. At step 412, the rotational speed
Rn, the phase compensation value Qn and the compen-
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sation data file number Pn are stored in the column n of
the compensation value table 3271, and the series of X
axis compensation values AX (I) are stored in the com-
pensation data file Pn.

Thereafter, the process of the main CPU 31 moves to
step 414 for ascertaining whether or not all compensa-
tion data for a certain profile is stored. If it is not com-
pleted, the process moves to step 416 in to add 1 to the
variable n, and then moves back to step 406 so as to
input compensation data which will be stored in the
next column and the next data file. By repeating the
above mentioned process, compensation data for vari-
ous rotational speeds (10 rpm, 20 rpm, 30 rpm) are
stored in the compensation value table 3271 and com-
pensation data files in connection with the profile data
number and the rotational speed of the main spindle.

Thereafter, when the switch 452 on the control panel
45 is pushed, an NC program for a machining cycle
stored in the RAM 32 is executed. The NC program is
shown in FIG. 10. NC data in the NC program is de-
coded by the main CPU 31 according to steps as speci-
fied by the flow chart shown in FIG. 8(a) and 8(b).

One block of an NC program is read out from the NC
program area of the RAM 32 at step 100, and it is ascer-
tained whether or not the data of the block shows the
end of the program at step 102. If the data shows com-
pletion of the NC program, the execution of this pro-
gram is ended. But if not, the process cf main CPU 31
moves to step 104, and it is ascertained whether or not
the block includes code G at step 104. If code G is
- ascertained at step 104, the process of main CPU 31
moves to step 106 so as to ascertain the command code
in greater detail. In step 106 through step 116, mode
flags in the mode setting area 324 ~ 326 of the RAM 32
are set, depending on the detail command code. If code
(501 is ascertained at step 106, the flag in the feed mode
setting area 324 is set at step 108 so as to set a feed mode
in a grinding feed mode. Similarly, if code G04 is ascer-
tained at step 110, the flag in the spark out mode setting
area 326 is set at step 112 so as to set the feed mode in
a spark-out mode. If code G51 is ascertained at step 114,
the flag in the workpiece mode setting area 325 is reset
to set the workpiece mode in a cam mode at step 116.

Furthermore, if code x is ascertained at step 118, the
process of the main CPU 31 moves to step 120, and it is
ascertained whether or not the workpiece mode is set in
the cam mode and the feed mode is set in the grinding
feed mode (hereafter referred to as the cam grinding
mode). If the mode is the cam grinding mode, pulse
distribution for grinding the cam is executed at step 128.
If not, a regular pulse distribution, which is not syn-
chronized with main spindle rotation, is executed at step
122.

On the other hand, if code x is not ascertained at step
118, it is ascertained whether or not the spark out pro-
cess 18 commanded at step 124. If the spark out process
is commanded, the process of the main CPU 31 moves
to step 126 in order to execute pulse distribution for
spark-out grinding.

The process for actual cam grinding with compensa-
tion will be explained according to the NC program
shown in FIG. 10.

When the switch 452 on the control panel 45 is
pushed, the NC program for the machining cycle
shown in FIG. 10 is decoded block by block according
to the process shown in FIG. 8(q) and FIG. 8(b). First,
in response to code G51 in block N010, the workpiece
mode 1s set in a cam mode, and one set of the ideal
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6
profile data designated by profile number P1234 is se-

lected at step 116. Then the feed mode is set in a grind-
ing feed mode in response to the code 601 in block N020
at step 108, and the cam grinding procedure is executed
at step 128 in response to feed data X-0.1. Data with
code F in block NO020 indicates the feed amount per
revolution of the main spindle 13, and data with code R
indicates the feed speed per revolution of the main spin-
dle 13. Data with code S indicates the rotational speed
of the main spindle 13. Since data with code F and data
with code R are the safe value in the NC program
shown in FIG. 10, the grinding wheel G is fed continu-
ously at a constant speed until the total cut-in feed
amount reaches a programmed total feed value with
code X.

The cam grinding operation with compensation is
accomplished by the process at step 128. The details of
the process at step 128 are shown in FIG. 9(¢) and 9(5).
First, the pulse number corresponding to the cut-in feed
amount per unit rotational angle (0.5° ) is calculated
depending upon the data with code R at step 200. Then,
a phase compensation value A8 and compensation data
file number P are searched from the compensation value
table 3271 according to the commanded profile data
number and the commanded rotational speed of the
main spindle, and compensation data file designated by
the compensation data file number P is searched from
the data file area 3272, at step 202. The compensation
data file stores a series of X axis compensation values
AX (I) for successive rotational angle positions of the
main spindle 13, wherein each rotational position is
located at intervals of 0.5 degrees.

The phase error can be compensated for by offsetting
the read out position of the execution profile data ahead
from a theoretical read out position, which corresponds
to the commanded angle position of the main spindle,
by an amount corresponding to the phase compensation
value A0. At step 202, the offset address IO correspond-
ing to the phase compensation value A# is also calcu-
lated. Then, read out address I is initially set to the
offset address 10O at step 204. The read out address I is
used for designating the read out positions of ideal pro-
file data and the X axis compensation values.

Afterwards, the pulse distribution finish signal is
input at step 206 so as to ascertain whether or rot the
previous pulse distribution is finished. If the previous
pulse distribution is finished, the execution profile data
D(I) and X axis compensation value AX (I) are read out,
and then execution profile data A (I) is calculated with
the equation described below.

A(l)=D(I)—AX(])

Thereafter, it is ascertained whether or not the cut-in
feed within one revolution is finished or completed at
step 210. This is ascertained depending on the data with
code F. In this case, it is ascertained whether or not the
cut-in feed is finished by ascertaining whether or not the
feed amount within one revolution reaches 0.1 mm. If
the cut-in feed within one revolution is not finished, the
amount of movement data is calculated based upon the
cut-in amount per unit angle and execution profile data
A (1) at step 212. Then, the positioning data is output to
the drive CPU 36 at step 214. On the other hand, if the
cut-in feed within one revolution is finished, the moving
amount 18 calculated from only the execution profile
data A (I) at step 213.

Then, it is ascertained whether or not read out ad-
dress I reaches the final address I, of the profile data
at step 216. If 1 is equal to or larger than I,,4x the read
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out address I is reset to an initial value 1 at step 218 so
as to return the read out address to the beginning ad-
dress. If not, the read out address I is incremented by 1
at step 220. Then, it is ascertained whether or not read
out address I reaches the offset address IO so as to

detect one revolution of the main spindle 13. If read out
address I reaches the offset address 10, it is ascertained
whether or not the total cut-in feed amount reaches a

programmed total feed amount, which is programmed
with code X. If the total cut-in feed amount does not
reach the programmed amount, the process moves to
step 206 so as to continue the above-mentioned process
repeatedly. If the total cut-in feed amount reaches the
programmed amount, the process for grinding the cam
according to the NC program in block 20 is finished.

Furthermore, the process for spark-out grinding is
executed in response to code G04 in block N030. This
process is similar to the process shown in FIG. 9(a) and
9(b). However, there is no cut-in feed in this process and
spark-out grinding is finished when the number of revo-
lutions of the main spindle 13 reaches a programmed
value. Namely, a phase compensation value A8 and a
series of X axis compensation value AX (I) are searched
according to the profile data number and rotational
speed of the main spindle during sparkout grinding.
Then, ideal profile data, which are offset by the phase
compensation value A@ from the commanded angle
position of the main spindle, are read out successively,
and 1s compensated by X axis compensation value AX
(I). The compensated ideal data is output successively
during the programmed rotation of the workpiece so
that the spark-out grinding is accomplished with com-
pensation for the errors, which changes depend upon
the speed of the main spindle.

Obviously, numerous modifications and variations of
the present invention are possible in light of the above
teachings. It is therefore to be understood that within
the scope of the appended claims, the invention may be
practiced than as specifically described herein.

What is claimed as new and desired to be secured by
Letters Patent of the United States is:

1. A numerically controlled machine tool for machin-
Ing a non-circular workpiece by controlling numeri-
cally the main spindle rotation and the position of the
tool according to profile data which defines the profile
generating movement of a tool along a final shape of
sald workpiece, said numerically controlled machine
tool comprising:

profile data memory means for storing profile data

which is calculated form an ideal sectional shape of

said workpiece and indicates positional change of.

said tool with respect to the rotational position of
said workpiece;

numerical control data memory means for storing
numerical control data which commands to per-
form at least two successive machining steps in
which the position of said tool is controlled in
accordance with said profile data, and commands
the rotational speed of said main spindle to be
changed at each machining step;

compensation data memory means for storing at least
two groups of compensation data which are used
for compensating for follow delay of the tool feed,
in connection with the rotational speeds of said
main spindle at said at least two machining steps;
and

control means operable in response to said numerical
control data for searching one group of said com-
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8

pensation data corresponding to the commanded
rotational speed of said main spindle during said
each machining step from said compensation data
memory means, and for compensating said profile
data with said searched group of compensation

data so as to control the position of said tool while
eliminating said follow delay.
2. A numerical controlled machine tool as set forth in

claim 1, wherein:
said compensation data memory means comprise a
phase compensation values memory area for stor-
ing plural phase compensation values correspond-
ing with various rotational speeds of said main
spindle and a position compensation data memory
area for storing plural position compensation data
corresponding with said various rotational speeds
of said main spindle, wherein said each position
compensation data is composed of a series of posi-
tion compensation values of said tool feed for suc-
cessive rotational positions of said main spindle;
and said control means comprises means for
searching said phase compensation value and posi-
tion compensation data from said phase compensa-
tion value memory area and position compensation
data memory area, respectively, according to the
rotational speed of said main spindle during ma-
chining operation, and compensate said profile data
with said searched phase compensation value and
position compensation data so as to control said
tool feed. |
3. A numerically controlled machine tool for machin-
ing a non-circulator workpiece by controlling numeri-
cally the main spindle rotation and the position of the
tool according to profile data which defines the profile
generating movement of a tool along a. final shape of
said workpiece, said numerically controlled machine
tool comprising:
profile data memory means for storing profile data
which is calculated from an ideal sectional shapée of
said workpiece and indicates positional change of
said tool with respect to the rotational position of
salid workpiece;
numerical control data memory means for storing
numerical control data which commands to per-
form at least two successive machining steps in
which the position of said-tool is controlled in
accordance with said profile data, and commands
the rotational speed of said main spindle to be
changed at each machining step;
compensation data memory means for storing at least
two groups of compensation data which are used
for compensating for follow delay of the tool feed,
corresponding with various types of said work-
piece and the commanded rotational speeds of said
main spindle at said at least two machining steps;
and
control means operable in response to said numerical
control dates for search one group of said compen-
sation data corresponding to the type of workpiece
to be machined and the commanded rotational
speed of said main spindle during said each machin-
ing step from said compensation data memory
mean, and for compensating said profile data with
said searched group of compensation data so as to
control the position of said tool while eliminating
satd follow delay.

4. A numerical controlled machine tool as set forth in
claim 1, wherein:
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said compensation data memory means comprise a phase compensation value and position compensa-
phase compensation values memory area for stor- tion data so as to control said tool feed.
ing plural phase compensation values correspond- 5. A numerical controlled machine tool as set forth in
ing with various types of said workpiece and vari- claim 4, wherein:

ous rotational speeds of said main spindle and a 5 said profile data memory means comprises means for

position compensation data memory area for stor- storing a series of positional data of said tool in a
ing plural position compensation data correspond- successive memory address:

Ing with said various types of said workpiece and said position compensation data memory area com-

various rotational speeds of said main spindle, . : ] .
wherein said each pagf:ion compensation datg com- 10 PTISCS Tneans for Storing a series of compensation
values in successive memory address; and

prises a series of position compensation values of 4 control : for offsetting th
said tool feed for successive rotational positions of Sa1d conirol means comprises means Ior Olisetting the
read out position of said profile data and compensa-

sald main spindle; and

said control means includes means for searching said tion values from a theoretical memory address by

phase compensation value and position compensa- 15 an amount corresponding to said searched phase
tion data from said phase compensation value compensation value, for reading out said positional
memory area and position compensation data mem- data and position compensation values successively
ory area, respectively, according to the type of from an offset memory address, and compensating
workpiece to be machined and the rotational speed sald read out positional data with read out position
of said main spindle during machining operation, 20 compensation values.
and compensate said profile data with said read out * ¥ % x X
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